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CHAPTER I
INTRODUCTION
From fixed hot spot links to communication noise rejection to radar, high gain,
narrow beam, directional antenna are coming into increasing demand in the modern
world. While many generic solutions to these situations exist, when physical size must
be kept to a minimum, cost must be minimal, and power is not so readily available, then
the design of such a system becomes more difficult. Add to this already daunting list of
requirements the need to point the antenna's beam in any direction at will, and such a
system becomes a formidable challenge.
The following characteristics are the goals of this system design.
•

Size: The antenna is to be small enough as to be unobtrusive to any passerby.
Its diameter is restricted to less than five inches (~120mm) while the height may
not exceed six inches (~150mm).

•

Ruggedness: The antenna may not contain any moving parts that could break or
be misaligned by rough handling and adverse outdoor conditions.

•

Accuracy: The antenna must be able to place its beam on the intended recipient
without interfering or being interfered with by other devices in the area.

•

Power: The unit is to be capable of using battery power. Therefore, limited
power will be available for the transmitter. In turn, low power realities require
the system have a very high gain. Additionally, the need to locate the recipient
1

with accuracy requires a narrow beam width.
•

Cost: The final design is to be capable of mass production in very large
quantities. Therefore cost per antenna is an important consideration and a
critical design parameter.
The body of this report contains the analyses, mathematical algorithms, and

electromagnetic simulation of potential antenna designs that have the possibility of
meeting these design criteria. The final section presents the design chosen with detailed
reasons for its selection along with suggestions for future development.
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CHAPTER II
LITERATURE REVIEW
The largest hurdles facing the design of the antenna array is the narrow beam
angle required to spatially locate a target with accuracy while maintaining a small size
and inexpensive material. Consulting the vast database of previous related work
available from IEEE provided many papers discussing the design of small, inexpensive,
patch based antennae and narrow beam systems [1,2,3,4,5]. From those, three main
styles emerged for generating narrow beam antenna systems.
•

Parasitic directors [1,2,3]

•

Lensing [4]

•

Arrays [5]

Parasitic directors
A parasitic director is typically a copy of the patch element placed directly above
the driven element and separated from it by a dielectric (or air). This new patch is not
electrically connected and so only absorbs and re-radiates energy given to it by the driven
patch element. As in Yagi arrays, these elements tend to increase the directionality of the
antenna and sometimes the impedance bandwidth. The parasitic element does not always
have to be conductive. Dielectric elements were also cited as potentially usable, and their
effects prove to be similar in nature but dimensionally different. Three general structures
stood out for patch parasitic directors.
3

1. Air gap with dielectric parasitic plate (Fig. 2.1).

Figure 2.1

Patch antenna with a dielectric parasitic director [1]
There is no second metallic patch in this configuration but a dielectric
superstrate separated from the patch element by an air gap. Article [1] deals
with both the thickness of the dielectric and the spacing from the driven patch.
The thickness of the dielectric superstrate had dramatically less effect than its
spacing from the patch element. To get an appreciable increase in
directionality from this structure, the gap must be on the order of 30%-40% of
a wavelength (16-21mm at 5.8GHz). Adding this gap and superstrate to an
existing circular array would constitute a rather large radius increase.

4

2. Air gap with a clone of the driven element for the parasitic (Fig. 2.2).

Figure 2.2 Patch antenna with an identical patch parasitic director [2]
In article [2], while the largest gain increase occurs at a similar spacing
of 37% of a wavelength, there is still a noticeable gain improvement at a much
smaller 3% of a wavelength (1-2mm). Also pointed out in the article is the
large increase in bandwidth that accompanies this configuration allowing
looser tolerances in the antenna's environment. However, there is a
substantial complexity increase in this design related to the construction of a
second patch and maintaining a specific air gap between them while
delivering only a moderate gain improvement.

5

3. Teflon dielectric with additional dielectric superstrate (Fig. 2.3).

Figure 2.3

Patch antenna with an inverted patch parasitic director and a dielectric gap
[3]
The article [3] describing this approach concentrates entirely on the
thickness of the superstrate (t1), showing an increase in directionality with
increasing superstrate thicknesses. Unlike paper [1] without the metallic
parasitic patch, here there is still a gain improvement in the 3% gap range,
though the gain improvement is less than in paper [2]. Manufacturability
increases with a solid gap material (s) as the layers can be simply sandwiched
together.

These approaches showed promise as a way to improve the gain of an existing
system if slightly more gain is worth the added complexity. However, alone they cannot
achieve the kind of narrow beam/high gains that this remote sensor requires.
Lensing
Dielectric lensing for antennas is similar in many ways to optical lensing for light
sources. The change in propagation velocity at a material boundary results in a change in
the direction of propagation of the waveform for non-normal incident angles. The

6

refraction effects of a dielectric material placed over an antenna can then be used to direct
more of the antenna's radiation into a narrower beam.
Article [4] describes the process of designing just such a lens for a 2x2 (4
element) array at 58GHz (Fig. 2.4). While the process was exceedingly involved, the
results showed a very narrow beam-width of ten degrees (H-plane) and an excellent 12dB maximum side-lobe level.

Figure 2.4

58GHz lens [4]

Unfortunately, the precision machining requirements of these lenses do not lend
themselves well to a low cost mass produced antenna, nor is there physical space
available for a lens size on the order of 10+ wavelengths (~500mm at 5.8GHz). In
addition, multiple reflection losses and dielectric losses reduce the antenna's efficiency;
something that is very crucial in a battery operated design.
7

Arrays
Linear patch arrays are becoming a topic of interest because of their cost and size
advantage over conventional dish and Yagi type structures. The authors of the article on
5.8GHz communication [5] arrays were able to achieve a narrow half power beam width
of nine degrees with a gain of 16dB. The array consisted of sixteen elements placed in
four copies of a more standard four element rectangular array (Fig. 2.5).

Figure 2.5

4x4 patch array [5]

The greater part of paper [5] was focused on impedance matching to the 50 Ohm
feed coax and efficiency of the feed network. The authors were able to achieve good
return loss using quarter wave long transmission line segments as impedance
transformers.
However, the individual elements measured 15.5mm by 11.5mm and combined
with the quarter wave line transformers, the entire structure was entirely too large for the
8

purposes of a miniature antenna system. In order to gain full 360 degree coverage, 16 or
more of these structures would need to be placed around the sensor; vastly exceeding the
dimensional restrictions. Using a linear array structure to achieve the narrow beam then
coping it around the circumference of the sensor provides far too large a footprint for this
application.
From the reviewed papers, it became apparent that simply switching between
single narrow beam elements in each direction would not give the desired performance
and another approach was needed. Adding phasing circuitry would allow each
directional element to become part of an array that would hopefully lead to the narrow
beams desired. The development of such a system follows.

9

CHAPTER III
ANALYSIS
Mathematical array factor
The desired small physical size, 360 degree coverage, and narrow beam-width
limit the possible acceptable structures of the antenna. The circular phased array
appeared to be the best approach.
An antenna array is simply a combination of multiple antenna elements with
specific spacing and driven simultaneously. The composite radiated field from these
multiple driven elements will have a different (typically more directional) spatial pattern
than the individual elements themselves would have. By adjusting the phase relationship
between the driven signals of the various elements, the resulting “beam” (or angle) of
maximum gain can be steered to focus on a point in a desired direction. Mathematically,
the array factor (AF) is multiplied by the individual element patterns to provide the
overall radiation pattern for a given antenna array [8].
It was determined that a spatial azimuth resolution of around 11.25 degrees was
considered sufficient given the desired small size. Achieving this angle of discrimination
requires a beam-width of 22.5 degrees. 360 degree coverage requires 16 arcs, therefore
the antenna must be able to achieve 16 distinct 22.5 degree beams. The calculation of the
theoretical array factor for the placement of 16 isotropic sources equally spaced around
the circular structure is shown below in figure 3.1.
10

Figure 3.1

Array geometry

Each radial line terminates at the location of an isotropic source.

11

The terms in figure 3.1 are defined as follows:
•

θ: The angle of incidence, or the look angle

•

xn,yn: The Cartesian coordinates of the nth radiating element

•

γ: The angle between radiating elements

•

ρ: The radius of the circular array, or the distance from the center to each

radiating element
•

αν: The angle between the nth radiating element and the plane passing through

radiating element 0 when θ=0
•

hn: The distance between the nth radiating element and the 0 element

•

rn: The distance from the incident plane wave to the nth radiating element

•

Cn: The distance from the incident plane wave to the nth radiating element when
the wave crosses the 0 element (the reference position)

•

λ: The wavelength of the incident wave

•

k: The propagation constant of the incident wave

•

n: The positional index variable
To construct the equations that govern the array factor (AF), start by assuming a

plane wave incoming to the array at incident angle θ (theta). The time delay is then
calculated as the time difference between when the plane wave crosses the principle
element (labeled element 0) and when the plane wave crosses each of the other elements
(labeled -1 through -7 for the negative X axis and 1 through 8 for the positive X axis for a
total of 16 elements). This time delay is based on the distance C and the speed of light c.
Formulating the array factor for multiple frequencies means that distance C will be
measured in terms of wavelength λ (lambda) instead of millimeters. This process will
12

result in a phase offset term showing that the received signal at element 'n' leads or lags
the received signal at element 0 by a discrete number of radians at the given frequency.
Once all the element phase adjustments are known, the combined far-field
intensity (as seen from an infinite distance away) of the array may be assumed to be a
superposition of all the element patterns as if they were radiating from the same point [6].
This combined equation will result in the array factor and is a function of the look angle
θ.

For 16 elements equally spaced around a circle:
(3.1)
The frequency of operation was set at 5.8 GHz which corresponds to a
wavelength of:

(3.2)

The propagation constant for a transverse wave in free space is [9]:

(3.3)
The conversion from Cylindrical coordinates to Cartesian coordinates is defined
as:
(3.4)
The Pythagorean Theorem gives the hypotenuse of the element triangles:
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(3.5)

The internal angle of each element to the reference position 0 is then:

(3.6)

For the given geometry, this function reduces to the linear equation (3.7) as
shown in figure 3.2.

(3.7)
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Figure 3.2

Example of the equality of the two equation forms for this specific
application gamma (γ)

Using Trigonometry, the distance between the wave plane and the elements is:

(3.8)

Shifting the index from -7 through +8 to 0 through 15 simplifies Cn to a single
equation:

(3.9)

The array factor (AF) can then be defined as the summation of all the elements'
far field wave equations when the elements' individual patterns are set as isotropic [6]:
15

(3.10)

where An are the element amplitude coefficients, and βn are the element feed (or receive)
phase shift terms. If we decide that we want maximum radiation in the direction of θ=0,
then βn can be determined by:

(3.11)

Substituting variables, the array factor as a function of θ becomes:

(3.12)

The real portion of the array factor can then be plotted to show the field strength
of a transmitted signal from this array at any viewing angle θ [6]. For instance, with the
radius ρ =33mm and amplitudes An set so that elements 1, 3, 13 and 15 are transmitting,
the normalized array factor plotted vs. θ appears in figure 3.3 and figure 3.4.
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Figure 3.3

Example array factor: signal strength vs. viewing angle theta (in radians).
Cartesian grid

Figure 3.4

Example array factor: signal strength vs. viewing angle theta (in degrees).
Polar grid

For isotropic radiators, figure 3.4 would be the radiation pattern of the circular
array. When plotted on a logarithmic scale, the power pattern is shown in figure 3.5.
17

Figure 3.5

Example radiation pattern: radiated power normalized to +20dB vs.
viewing angle theta (in degrees)

The blue (···) and green (---) traces are the -3dB and -6dB references given for scale.
Now solve for the half power beam width (HPBW).

(3.13)
A closed form solution is not possible, but a numeric approximation is easily
done. (using MathCAD's minimum error function) There are two real solutions and the
difference between them is the half power beam width (HPBW). All of the tested
systems are symmetric about the zero angle axis. Therefore both solutions have equal
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magnitude and a single solution can be taken as the half beam angle or half power half
beam angle (HPHBA).
(3.14)
The transmitted power in the main beam and the desired beam are found by
dividing the power within the desired beam angles by the total radiated power of the
array [9]: (numerical solution percentages are for example)

(3.15)

(3.16)

Making An a function of θ instead of a constant adds an element pattern to the
radiation pattern calculations resulting in a composite pattern depicting what an array
made up of those elements might look like when tested. A patch element is a directional
antenna and has a pattern that looks approximately like the figure 3.6.
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Figure 3.6

Approximate patch element pattern

Below is the equation used to generate the pattern in figure 3.6.

(3.17)
All these equations are the basis for the mathematical array construct data
presented in the following chapters.

Simulation
The array factor as computed is the basis of what might be expected from a real
antenna system, but it does not incorporate many real world considerations that affect the
system. For instance, elements of the array that are not being driven act as parasitic
elements in a real system and will skew the pattern and lower the overall system
radiation. To obtain a better approximation of what the system will do, electromagnetic
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software simulation packages use various mathematical techniques to analyze the
interactions of all the elements and give a more complete estimation. HFSS uses finite
element analysis techniques to apply the differential forms of Maxwell's equations to the
models rendered in it; mapping the current distribution in each conductive element and
the fields radiating through each dielectric element.
When introducing a new analysis technique it is always good to begin with a
simple case and introduce more complex system elements as confidence is gained in both
the software's and the user's ability to model a given system. A dipole is the most basic
and well understood radiating element. It also has an omnidirectional azimuth pattern (in
the horizontal plane) that looks like the isotropic source used in the mathematical
construct. Thus this is the starting point and will be followed by the patch element.
To create a standard half-wave dipole resonant at 5.8GHz in HFSS requires four
elements:
•

An upper cylinder 11.5mm long and 0.5mm in diameter for the upper element

•

A lower cylinder of the same dimensions for the lower element (Fig. 3.7 left)

•

A square plane that connects the two cylinders becomes the feed port (Fig. 3.7
right)

•

An air box that surrounds the antenna and becomes the material into which the
antenna radiates (Fig. 3.8 right). The air box also defines the radiation boundary
where pattern data are taken (Fig. 3.8 left)
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Figure 3.7

Modeled dipole elements

(left) Main dipole elements with port between them. (right) Lumped port shown with
direction of current defined

Figure 3.8

Radiating space

(left) Radiation boundary. (right) Air space around the dipole.
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When simulated, HFSS (High Frequency Structural Simulator v12 developed by
Ansoft Corp. a part of ANSYS Inc.) gives the impedance plot and radiation pattern
expected (Figs. 3.9 to 3.11).

Figure 3.9

Return loss of the dipole

Figure 3.10

Impedance of the dipole vs. frequency on a Smith chart (50 Ohms)
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Figure 3.11

3D far field radiation pattern plot of the dipole

The next step is an expansion of the model from a single element into the circular
array mathematically constructed earlier (3.12). Sixteen of the above dipole elements are
spaced equally around a circle with a radius of 33 millimeters (Fig. 3.12 to 3.14).
Elements 1, 3, 13, and 15 are given an excitation. These are denoted by the yellow color.
The primary parasitic elements surrounding the driven elements are colored red and the
elements expected to have little effect are colored blue. There are two main excitation
methods for the array. First, all the elements are fed with the same signal at the same
phase (a uniformly-phased array) (Figs. 3.15, 16). Second, the phases of the feed signals
are adjusted in the same manner as in the mathematical construct presented earlier in this
chapter (3.11) (Figs. 3.17, 18). This way all the elements combine constructively in the
direction of the Y-axis (Phi=90) for a maximum signal in that direction.
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Figure 3.12

Sixteen element dipole circular array model
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Figure 3.13

Impedance plots of the four driven elements in the dipole array

Figure 3.14

Return loss for the four driven elements in the dipole array
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Figure 3.15

3D radiation pattern for the uniformly phased dipole array

Figure 3.16

Azimuth radiation pattern for the uniformly phased dipole array
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Figure 3.17

3D radiation pattern for the directionally phased dipole array

Figure 3.18

Azimuth radiation pattern for the directionally phased dipole array
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Figure 3.19

Surface currents flowing on the elements of the directionally phased
dipole array

In the surface current graph above (Fig. 3.19), the parasitic currents in the nondriven elements can be seen. Since these currents appeared to be significant, it was
decided to analyze the effect of terminating all the non-driven elements instead of letting
them float at high impedance. The effects of this impedance change on the system are
shown below (Fig. 3.20 to 3.23).
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Figure 3.20

Impedance of the four driven elements in the dipole array when the nondriven elements are terminated

Figure 3.21

Return loss of the four driven elements in the dipole array when the nondriven elements are terminated
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Figure 3.22

Azimuth radiation pattern for the dipole array with the non-driven
elements terminated

Figure 3.23

Surface currents on the elements of the dipole array with non-driven
elements terminated
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It becomes clear from this simulation that terminating the non-driven elements
dissipates power in the termination resistances (the decrease in the m1 marker figs. 3.18
& 3.22) thus lowering the overall radiation of the antenna. Since power efficiency is a
key design criterion for a battery operated device, terminating these elements needs to be
avoided.
To compare the pattern's main beam power to that calculated earlier, integrate the
power in the far E-field over all elevation angles θ (theta) (3.18). This process is used to
determine the total power transmitted per azimuth angle φ (Phi) (Fig. 3.24). Normalizing
by the total radiated power (3.19) and summing over the desired azimuth angles gives the
percentage power in the desired beam (3.20) just as in the previous mathematical
construct (pg. 19).

(3.18)
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Figure 3.24

Total radiated power per azimuth angle Phi of the dipole array

(3.19)

(3.20)
Since patch elements are directional antennae (unlike the standard dipole), it was
decided to add a reflection plane behind the dipoles to increase their directionality.
Typically, a reflection plane is placed a quarter wavelength behind the driven element,
and a dielectric can reduce this distance. However, since this system is fabricated on a
circuit board, the reflection plane must be in very close proximity to the elements (Fig.

33

3.25, 28). Performance will suffer somewhat because of this close spacing, yet, the
expected trade off of improved directionality determined this test to be necessary.

Figure 3.25

Model of the dipole array as made on a circuit board with a conductive
back-plane

34

Figure 3.26

Impedance Smith chart of the PCB dipole array

Figure 3.27

Azimuth radiation pattern for the PCB dipole array
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Figure 3.28

Surface currents on the elements and on the back-plane

The close spacing of the ground plane to the elements has a dramatic effect on the
impedance of the elements as seen on the Smith chart (Fig. 3.26). The dramatic increase
in capacitance produced by such a close ground plane and a higher dielectric shunts the
majority of the current causing the dramatic decrease in characteristic impedance. The
standard gain pattern measurement (denoted “Realized Gain Total”) could not be used to
measure the pattern gain, as the reflected power loss due to the impedance mismatch
dominates the system. Therefore, the pattern gain was generated without accounting for
feed losses (denoted “Gain Total”) (Fig. 3.27). However, this antenna is impractical as
power could never be feed to it efficiently with such a small characteristic impedance.
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Next comes the patch element. The easiest way to make an inexpensive circular
array is for all the elements to be fabricated out of a flexible circuit board and wrap this
around a cylinder into a circular geometry. With the quantity of sensors that would be
required to cover any sizable area, expense is a key factor. The standard patch antenna
for a linearly polarized signal at these frequencies is a rectangular patch over a solid
ground plane. The exact location of the feed point determines the characteristic
impedance of the patch.
The patch element shown in figure 3.29 is 21mm by 12mm with the feed point
3mm in from the edge, and was designed by Larry Fullerton.

Figure 3.29

Model of the patch element
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Figure 3.30

Surface currents with arrows indicating the direction of current flow on
the patch element

Figure 3.31

3D radiation pattern of the single patch element
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Figure 3.32

Azimuth radiation pattern of the single patch element

Figure 3.33

Impedance Smith chart of the single patch element
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Figure 3.34

Return loss of the single patch element

Figure 3.35

Field representation of the radiated H-field (magnetic field) of the single
patch element
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Earlier in this chapter, there was discussion about adding a directional element
pattern into the array factor equations. The choice of the style of directional pattern
chosen in the mathematical construct (Fig. 3.6) comes from considering the above
azimuth pattern for a single patch antenna (Fig. 3.31, 32) and attempting to closely
approximate the same characteristic without overly complicating its descriptive equation
(3.17). The impedance graphs, surface currents, and radiating field structure are shown
in figure 3.30, and figures 3.33 to 3.35.
Next in the series of increasing complexity is combining multiple patch elements
into a linear array. An 8-element linear array of the previously defined patch elements is
then simulated (Fig. 3.36). Also included are the effects of both non-driven element
termination, and placing a non-driven element between each driven element to increase
the driven element spacing (Fig. 3.37).

Figure 3.36

Model of the linear patch array
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Figure 3.37

Surface current plots for the four different driving topologies of the linear
patch array

Figure 3.38

Return loss of the elements of the linear patch array
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Figure 3.39

Azimuth radiation patterns for the linear patch array

(top left) closely spaced driven elements with terminated parasitics. (top right) closely
spaced driven elements with UN-terminated parasitics. (bottom left) widely spaced
driven elements with terminated parasitics. (bottom right) widely spaced driven elements
with UN-terminated parasitics
Only one return loss plot is presented (Fig. 3.38). The other plots were quite
similar. Another point of interest is the change in how the termination of undriven
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elements effects the array compared to the dipole array that was analyzed earlier in this
section (pg. 31). When the driven elements are located adjacent to each other, the effect
of terminating the fringe elements is negligible (Fig. 3.39 top). However, when nondriven elements are placed between driven elements, the effect becomes pronounced
(Fig. 3.39 bottom). This result appears to be opposite that of the dipole array. Here the
termination of the non-driven patches does not produce substantial system loss, whereas
not terminating these elements produces a parasitic effect that causes a reduction in the
array's radiation.
A linear array represents the best possible directionality for an array with a given
element spacing. In addition, no phasing circuitry would be required to transmit and
receive in the direction of interest, thus simplifying the overall system. Good
directionality is evident from this configuration in the pattern plots, especially where the
driven element spacing is increased by interspersing undriven elements. Notable also is
the beam-width of the interspersed driven linear array of around 20 degrees. This array
would be sufficient for limited sector coverage but is not suitable for full 360 degree
coverage.
All this experimentation leads to the desired configuration of sixteen patch
elements arrayed around a circle. The original mathematical construct called for a 33
millimeter radius array. However, the dimensions of the patch element made it
impossible to fit sixteen around the circumference of a 33 millimeter (1.3 inch) radius
disc. The minimum radius that would accommodate all sixteen elements is 42
millimeters (1.65 inches). There was uncertainty as to how the upper and lower copper
rails on the face of the antenna would affect the performance of the array. As a result the
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array was modeled both with and without these extra copper rings (Figs. 3.40 to 3.43).
The difference was largely negligible.

Figure 3.40

Model of the circular patch array

(left) Model with parasitic upper and lower rails. (right) Model without parasitic rails.

Figure 3.41

Return loss for circular patch array

(left) Return loss of model with parasitic rails. (right) Return loss of model without
parasitic rails.
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Figure 3.42

Impedance Smith chart for the circular patch array

(left) Smith chart of model with parasitic rails. (right) Smith chart of model without
parasitic rails.

Figure 3.43

Azimuth radiation plot for the circular patch array

(left) Azimuth pattern of model with parasitic rails. (right) Azimuth pattern of model
without parasitic rails.
The circular array shows a main lobe gain slightly below that of the linear array
(Figs. 3.43, 3.39), with similar pattern characteristics. Forming the back-plane into a
cylinder allows currents to circulate and has a dramatic effect on the system's
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characteristic impedance. The return loss and Smith chart plots (Figs. 3.41, 42) show an
increase in the resonant frequency of the system over that of the single patch and the
linear array. A minor dimensional change would be required to bring the return loss back
below the -10dB line. To remove the effects of the poor return loss on the gain patterns,
“realized gain” has been replaced with “gain”. While this no longer accounts for power
lost to impedance mismatch reflections, it also no longer accounts for power dissipated in
the non-driven ports. The effect of the circular back plane is also prevalent in the high
rear side-lobe levels shown in the azimuth radiation patterns (Figs. 3.43, 3.39). While
these side-lobes are undesirable, the antenna array is now steerable around the entire 360
degree required arc.
The following chapter (IV) gives an in-depth analysis of driven element
configurations and the effect of radius as well as a comparison to the mathematical
construct.
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CHAPTER IV
RESULTS
In this chapter, the various feed and radius geometries are explored and the
mathematical constructs will be compared to the simulated results. The analyses and
accompanying results include:
•

The basic isotropic construct

•

The dipole based simulation with comparison to the isotropic construct

•

The patch element pattern based construct

•

The full patch array simulation with comparison to the patch element based
construct

•

The effects of radius increase on the patch array simulation and construct

The isotropic construct
Following are the radiation pattern plots (Figs. 4.1 to 4.16) and power percentages
for the isotropic mathematical array constructs of the main element excitation
configurations (generated by Mathsoft's MathCAD program). The patterns are presented
with their maximums facing the top of the page for easy viewing. The element excitation
configurations are represented by the colored dots and are rotated with their maximums
facing right to avoid overlap with the patterns. These excitation configurations are
labeled A1 through A12 and the position number for each exited element in each
sequence is given below in table 4.1 (the graphical representation is shown in figure
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3.12). For the power calculations, the main beam is considered to be the angle between
the -3dB power points of the normalized radiation plot. The desired beam is defined as
11.25 degrees on either side of the peak radiation angle. Peak side-lobe levels are also a
concern as large amount of power directed in directions other than the main beam can
cause false radar return “images”. Side-lobe levels are inferred from the plots.
Table 4.1

The element excitation sequences for the circular array and their labels.

A1 = 0, 1, 2, 3, 13, 14, 15

A7 = 2, 3, 13, 14

A2 = 1, 2, 3, 13, 14, 15

A8 = 0, 2, 3, 13, 14

A3 = 0, 1, 3, 13, 15

A9 = 0, 2, 14

A4 = 1, 3, 13, 15

A10 = 0, 1, 15

A5 = 1, 2, 14, 15

A11 = 1, 15

A6 = 0, 1, 2, 14, 15

A12 = 0, 3, 13

A1 (Red)
Beam-width = 35°
Beam Power = 47.1%
∠ 22.5° Power = 33.8%
A2 (Blue)
Beam-width = 32°
Beam Power = 54.1%
∠ 22.5° Power = 41.7%
A3 (Green)
Beam-width = 37°
Beam Power = 29.7%
∠ 22.5° Power = 20.5%

Figure 4.1

Radiation patterns for 33mm radius isotropic sources: feeds A1, A2, A3

49

A4 (Red)
Beam-width = 33°
Beam Power = 37.2%
∠ 22.5° Power = 28.5%
A5 (Blue)
Beam-width = 41°
Beam Power = 64.1%
∠ 22.5° Power = 40.8%
A6 (Green)
Beam-width = 46°
Beam Power = 55.7%
∠ 22.5° Power = 31.7%

Figure 4.2

Radiation patterns for 33mm radius isotropic sources: feeds A4, A5, A6

A7 (Red)
Beam-width = 27.6°
Beam Power = 36.4%
∠ 22.5° Power = 31.7%
A8 (Blue)
Beam-width = 31°
Beam Power = 40.5%
∠ 22.5° Power = 32.2%
A9 (Green)
Beam-width = 40°
Beam Power = 55.9%
∠ 22.5° Power = 36%

Figure 4.3

Radiation patterns for 33mm radius isotropic sources: feeds A7, A8, A9
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A10 (Red)
Beam-width = 79°
Beam Power = 39.3%
∠ 22.5° Power = 13.7%
A11 (Blue)
Beam-width = 62°
Beam Power = 45.6%
∠ 22.5° Power = 19.9%
A12 (Green)
Beam-width = 30°
Beam Power = 23.9%
∠ 22.5° Power = 15.4%

Figure 4.4

Radiation patterns for 33mm radius isotropic sources: feeds A10, A11,
A12

From this data set it was determined that drive configurations A2 (Fig. 4.1, blue
dotted line) and A5 (Fig. 4.2, blue dotted line) provide the best compromise of beamwidth and side lobe levels.
Increasing the radius from 33mm to 42mm produces the following radiation
patterns shown in figures 4.5 to 4.8.
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A1 (Red)
Beam-width = 28°
Beam Power = 58.1%
∠ 22.5° Power = 50.6%
A2 (Blue)
Beam-width = 25°
Beam Power = 55.3%
∠ 22.5° Power = 51.1%
A3 (Green)
Beam-width = 29°
Beam Power = 42.6%
∠ 22.5° Power = 35.9%

Figure 4.5

Radiation patterns for 42mm radius isotropic sources: feeds A1, A2, A3

A4 (Red)
Beam-width = 25°
Beam Power = 42.4%
∠ 22.5° Power = 39%
A5 (Blue)
Beam-width = 32°
Beam Power = 46.4%
∠ 22.5° Power = 36.4%
A6 (Green)
Beam-width = 36°
Beam Power = 48.3%
∠ 22.5° Power = 34.2%

Figure 4.6

Radiation patterns for 42mm radius isotropic sources: feeds A4, A5, A6
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A7 (Red)
Beam-width = 22°
Beam Power = 34.3%
∠ 22.5° Power = 35.1%
A8 (Blue)
Beam-width = 24°
Beam Power = 46.5%
∠ 22.5° Power = 44.2%
A9 (Green)
Beam-width = 31°
Beam Power = 28.8%
∠ 22.5° Power = 22.8%

Figure 4.7

Radiation patterns for 42mm radius isotropic sources: feeds A7, A8, A9

A10 (Red)
Beam-width = 60°
Beam Power = 43.7%
∠ 22.5° Power = 19.6%
A11 (Blue)
Beam-width = 47°
Beam Power = 46.4%
∠ 22.5° Power = 25.8%
A12 (Green)
Beam-width = 24°
Beam Power = 34.9%
∠ 22.5° Power = 27%

Figure 4.8

Radiation patterns for 42mm radius isotropic sources: feeds A10, A11,
A12
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It is evident the configuration of A2 (Fig. 4.5, blue dotted line) is the best of this
data set as well as the previous radius. It becomes apparent that the increase in radius
narrows most of the main beam-widths.
Increasing the radius from 42mm to 50mm produces the following radiation
patterns shown in figures 4.9 to 4.12.

A1 (Red)
Beam-width = 23°
Beam Power = 53.2%
∠ 22.5° Power = 52.3%
A2 (Blue)
Beam-width = 21°
Beam Power = 38.8%
∠ 22.5° Power = 40.1%
A3 (Green)
Beam-width = 24°
Beam Power = 47.7%
∠ 22.5° Power = 45.6%

Figure 4.9

Radiation patterns for 50mm radius isotropic sources: feeds A1, A2, A3
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A4 (Red)
Beam-width = 21°
Beam Power = 28.1%
∠ 22.5° Power = 29.1%
A5 (Blue)
Beam-width = 27°
Beam Power = 36.2%
∠ 22.5° Power = 32.5%
A6 (Green)
Beam-width = 30°
Beam Power = 42.9%
∠ 22.5° Power = 35.1%

Figure 4.10

Radiation patterns for 50mm radius isotropic sources: feeds A4, A5, A6

A7 (Red)
Beam-width = 18°
Beam Power = 24.7%
∠ 22.5° Power = 27.7%
A8 (Blue)
Beam-width = 20°
Beam Power = 39.3%
∠ 22.5° Power = 41.5%
A9 (Green)
Beam-width = 26°
Beam Power = 19.5%
∠ 22.5° Power = 17.6%

Figure 4.11

Radiation patterns for 50mm radius isotropic sources: feeds A7, A8, A9
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A10 (Red)
Beam-width = 50°
Beam Power = 47.8%
∠ 22.5° Power = 25.5%
A11 (Blue)
Beam-width = 40°
Beam Power = 34.4%
∠ 22.5° Power = 22.4%
A12 (Green)
Beam-width = 20°
Beam Power = 46.7%
∠ 22.5° Power = 40%

Figure 4.12

Radiation patterns for 50mm radius isotropic sources: feeds A10, A11,
A12

Again, the radius increase narrows the overall beam-width of the configurations
further. For the 50mm radius, A1 (Fig. 4.9, red solid line) provides the most desirable
result. It also has the optimum beam-width.
Increasing the radius from 50mm to 58mm produces the following radiation
patterns shown in figures 4.13 to 4.16.
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A1 (Red)
Beam-width = 20°
Beam Power = 37.1%
∠ 22.5° Power = 39.7%
A2 (Blue)
Beam-width = 18°
Beam Power = 26%
∠ 22.5° Power = 29%
A3 (Green)
Beam-width = 21°
Beam Power = 36.8%
∠ 22.5° Power = 38.5%

Figure 4.13

Radiation patterns for 58mm radius isotropic sources: feeds A1, A2, A3

A4 (Red)
Beam-width = 18°
Beam Power = 21.8%
∠ 22.5° Power = 24.3%
A5 (Blue)
Beam-width = 23°
Beam Power = 29.7%
∠ 22.5° Power = 29.5%
A6 (Green)
Beam-width = 26°
Beam Power = 44.2%
∠ 22.5° Power = 40.4%

Figure 4.14

Radiation patterns for 58mm radius isotropic sources: feeds A4, A5, A6
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A7 (Red)
Beam-width = 16°
Beam Power = 15.7%
∠ 22.5° Power = 18.6%
A8 (Blue)
Beam-width = 18°
Beam Power = 22.7%
∠ 22.5° Power = 25.8%
A9 (Green)
Beam-width = 23°
Beam Power = 21.3%
∠ 22.5° Power = 21.2%

Figure 4.15

Radiation patterns for 58mm radius isotropic sources: feeds A7, A8, A9

A10 (Red)
Beam-width = 42°
Beam Power = 49.6%
∠ 22.5° Power = 30.4%
A11 (Blue)
Beam-width = 34°
Beam Power = 23.6%
∠ 22.5° Power = 17.5%
A12 (Green)
Beam-width = 17°
Beam Power = 21.7%
∠ 22.5° Power = 19.9%

Figure 4.16

Radiation patterns for 58mm radius isotropic sources: feeds A10, A11,
A12
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At the 58mm radius, the separation between elements becomes great enough that
the side-lobe levels are too large for effective directionality.
An initial sort criterion is chosen based on the need for low side lobe levels and an
ideal 22.5 degree beam angle. Eliminating as unacceptable all configurations that:
•

Do not fall between 20 and 30 degrees beam angles

•

Whose power percentage of the greater of either beam power or 22 degree power
are below 40%
All but the following 12 configurations are eliminated.

Table 4.2

Drive
A1
A2
A3
A4
A8

Results of the isotropic construct comparison

42mm Radius
Beam Power
28°
58%
25°
55%
29°
43%
25°
42%
24°
47%

Drive
A1
A2
A3
A6
A8
A12

50mm Radius
Beam Power
23°
53%
21°
40%
24°
48%
30°
43%
20°
42%
20°
47%

58mm Radius
Drive Beam Power
A6
26° 44%

However, the configurations in red (struck out) have side-lobe levels that exceed
-6dB and are removed from consideration due to the positional error that such a high
level can introduce. The best configuration is bolded (Fig. 4.9). It combines the closest
beam angle to the desired with side-lobes that do not exceed -10dB.
Dipole based simulation
The following figures (4.17 to 4.32) are the simulation results for dipoles with the
placements calculated as for the isotropic construct.
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Figure 4.17

Azimuth radiation patterns for the 33mm radius dipole array simulation:
feeds A1, A2, A3

Table 4.3

Power and angle data for the 33mm radius dipole array simulation: feeds
A1, A2, A3

A1 (Red)
Beam-width = 28°
Beam Power = 41.6%
∠ 22.5° Power = 34.9%

A2 (Blue)
Beam-width = 26°
Beam Power = 37.6%
∠ 22.5° Power = 33.4%
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A3 (Green)
Beam-width = 30°
Beam Power = 33.8%
∠ 22.5° Power = 26.9%

Figure 4.18

Azimuth radiation patterns for the 33mm radius dipole array simulation:
feeds A4, A5, A6

Table 4.4

Power and angle data for the 33mm radius dipole array simulation: feeds
A4, A5, A6

A4 (Red)
Beam-width = 26°
Beam Power = 32.2%
∠ 22.5° Power = 28.6%

A5 (Blue)
Beam-width = 32°
Beam Power = 31.8%
∠ 22.5° Power = 23.9%
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A6 (Green)
Beam-width = 36°
Beam Power = 37.7%
∠ 22.5° Power = 25.6%

Figure 4.19

Azimuth radiation patterns for the 33mm radius dipole array simulation:
feeds A7, A8, A9

Table 4.5

Power and angle data for the 33mm radius dipole array simulation: feeds
A7, A8, A9

A7 (Red)
Beam-width = 24°
Beam Power = 25.5%
∠ 22.5° Power = 24.1%

A8 (Blue)
Beam-width = 26°
Beam Power = 35.8%
∠ 22.5° Power = 31.9%
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A9 (Green)
Beam-width = 32°
Beam Power = 29.6%
∠ 22.5° Power = 22.3%

Figure 4.20

Azimuth radiation patterns for the 33mm radius dipole array simulation:
feeds A10, A11, A12

Table 4.6

Power and angle data for the 33mm radius dipole array simulation: feeds
A10, A11, A12

A10 (Red)
Beam-width = 58°
Beam Power = 37.4%
∠ 22.5° Power = 16.4%

A11 (Blue)
Beam-width = 45°
Beam Power = 33.4%
∠ 22.5° Power = 18.4%
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A12 (Green)
Beam-width = 26°
Beam Power = 22.2%
∠ 22.5° Power = 19.8%

Figure 4.21

Azimuth radiation patterns for the 42mm radius dipole array simulation:
feeds A1, A2, A3

Table 4.7

Power and angle data for the 42mm radius dipole array simulation: feeds
A1, A2, A3

A1 (Red)
Beam-width = 24°
Beam Power = 41.4%
∠ 22.5° Power = 39.1%

A2 (Blue)
Beam-width = 22°
Beam Power = 33.8%
∠ 22.5° Power = 33.8%
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A3 (Green)
Beam-width = 26°
Beam Power = 33.2%
∠ 22.5° Power = 29.6%

Figure 4.22

Azimuth radiation patterns for the 42mm radius dipole array simulation:
feeds A4, A5, A6

Table 4.8

Power and angle data for the 42mm radius dipole array simulation: feeds
A4, A5, A6

A4 (Red)
Beam-width = 22°
Beam Power = 25%
∠ 22.5° Power = 25%

A5 (Blue)
Beam-width = 28°
Beam Power = 31.8%
∠ 22.5° Power = 26.9%
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A6 (Green)
Beam-width = 32°
Beam Power = 39.2%
∠ 22.5° Power = 30%

Figure 4.23

Azimuth radiation patterns for the 42mm radius dipole array simulation:
feeds A7, A8, A9

Table 4.9

Power and angle data for the 42mm radius dipole array simulation: feeds
A7, A8, A9

A7 (Red)
Beam-width = 18°
Beam Power = 20.2%
∠ 22.5° Power = 22.7%

A8 (Blue)
Beam-width = 20°
Beam Power = 32.7%
∠ 22.5° Power = 34.7%
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A9 (Green)
Beam-width = 28°
Beam Power = 26.6%
∠ 22.5° Power = 22.5%

Figure 4.24

Azimuth radiation patterns for the 42mm radius dipole array simulation:
feeds A10, A11, A12

Table 4.10

Power and angle data for the 42mm radius dipole array simulation: feeds
A10, A11, A12

A10 (Red)
Beam-width = 58°
Beam Power = 44.8%
∠ 22.5° Power = 20.8%

A11 (Blue)
Beam-width = 44°
Beam Power = 34.2%
∠ 22.5° Power = 20.1%
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A12 (Green)
Beam-width = 20°
Beam Power = 20.3%
∠ 22.5° Power = 21.5%

Figure 4.25

Azimuth radiation patterns for the 50mm radius dipole array simulation:
feeds A1, A2, A3

Table 4.11

Power and angle data for the 50mm radius dipole array simulation: feeds
A1, A2, A3

A1 (Red)
Beam-width = 21°
Beam Power = 32.7%
∠ 22.5° Power = 33.7%

A2 (Blue)
Beam-width = 18°
Beam Power = 26.3%
∠ 22.5° Power = 29.6%

68

A3 (Green)
Beam-width = 24°
Beam Power = 24.4%
∠ 22.5° Power = 23.1%

Figure 4.26

Azimuth radiation patterns for the 50mm radius dipole array simulation:
feeds A4, A5, A6

Table 4.12

Power and angle data for the 50mm radius dipole array simulation: feeds
A4, A5, A6

A4 (Red)
Beam-width = 20°
Beam Power = 17.2%
∠ 22.5° Power = 18.2%

A5 (Blue)
Beam-width = 22°
Beam Power = 26.4%
∠ 22.5° Power = 26.4%
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A6 (Green)
Beam-width = 25°
Beam Power = 32.4%
∠ 22.5° Power = 29.7%

Figure 4.27

Azimuth radiation patterns for the 50mm radius dipole array simulation:
feeds A7, A8, A9

Table 4.13

Power and angle data for the 50mm radius dipole array simulation: feeds
A7, A8, A9

A7 (Red)
Beam-width = 16°
Beam Power = 18.7%
∠ 22.5° Power = 22%

A8 (Blue)
Beam-width = 18°
Beam Power = 25.7%
∠ 22.5° Power = 28.8%
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A9 (Green)
Beam-width = 22°
Beam Power = 20.1%
∠ 22.5° Power = 20.1%

Figure 4.28

Azimuth radiation patterns for the 50mm radius dipole array simulation:
feeds A10, A11, A12

Table 4.14

Power and angle data for the 50mm radius dipole array simulation: feeds
A10, A11, A12

A10 (Red)
Beam-width = 37°
Beam Power = 31.3%
∠ 22.5° Power = 20.9%

A11 (Blue)
Beam-width = 30°
Beam Power = 21.9%
∠ 22.5° Power = 17.3%
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A12 (Green)
Beam-width = 20°
Beam Power = 15%
∠ 22.5° Power = 15.8%

Figure 4.29

Azimuth radiation patterns for the 58mm radius dipole array simulation:
feeds A1, A2, A3

Table 4.15

Power and angle data for the 58mm radius dipole array simulation: feeds
A1, A2, A3

A1 (Red)
Beam-width = 18°
Beam Power = 31.4%
∠ 22.5° Power = 35.4%

A2 (Blue)
Beam-width = 16°
Beam Power = 26.4%
∠ 22.5° Power = 31.5%
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A3 (Green)
Beam-width = 20°
Beam Power = 20.8%
∠ 22.5° Power = 22.1%

Figure 4.30

Azimuth radiation patterns for the 58mm radius dipole array simulation:
feeds A4, A5, A6

Table 4.16

Power and angle data for the 58mm radius dipole array simulation: feeds
A4, A5, A6

A4 (Red)
Beam-width = 17°
Beam Power = 15%
∠ 22.5° Power = 17.3%

A5 (Blue)
Beam-width = 20°
Beam Power = 28.1%
∠ 22.5° Power = 29.7%
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A6 (Green)
Beam-width = 22°
Beam Power = 33.4%
∠ 22.5° Power = 33.4%

Figure 4.31

Azimuth radiation patterns for the 58mm radius dipole array simulation:
feeds A7, A8, A9

Table 4.17

Power and angle data for the 58mm radius dipole array simulation: feeds
A7, A8, A9

A7 (Red)
Beam-width = 14°
Beam Power = 14.8%
∠ 22.5° Power = 18.4%

A8 (Blue)
Beam-width = 16°
Beam Power = 20.2%
∠ 22.5° Power = 24.1%
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A9 (Green)
Beam-width = 22°
Beam Power = 19.5%
∠ 22.5° Power = 19.5%

Figure 4.32

Azimuth radiation patterns for the 58mm radius dipole array simulation:
feeds A10, A11, A12

Table 4.18

Power and angle data for the 58mm radius dipole array simulation: feeds
A10, A11, A12

A10 (Red)
Beam-width = 33°
Beam Power = 31.3%
∠ 22.5° Power = 23%

A11 (Blue)
Beam-width = 25°
Beam Power = 20.3%
∠ 22.5° Power = 18.6%
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A12 (Green)
Beam-width = 16°
Beam Power = 9.2%
∠ 22.5° Power = 11.1%

Applying the same sort criteria as on the mathematical constructs (Beam angle
20°-30°, Power over 40%), the resulting configurations are listed below
Table 4.19

Results of the dipole based simulation comparison

33mm Radius
Drive Beam Power
A1
28°
42%

42mm Radius
Drive Beam Power
A1
24°
41%

50mm Radius
Drive Beam Power

The best configuration is bolded (Fig. 4.21) and was chosen because its beam
angle is closest to the ideal.
The most notable differences between the mathematical construct and the
simulation are the increase in side-lobe levels in the simulation results. The angle of the
side-lobes remains relatively consistent, but the level of the side-lobes is dramatically
larger in the simulation results. This kind of behavior is to be expected from the effect of
parasitic elements re-radiating energy at a slightly different phase angle. Another way to
look at it would be that the non-driven elements are acting as director elements in a
direction different from that of the main lobe, thus providing a dramatic increase in the
side-lobes.
As with the mathematical construct, the simulation also shows an increase in
directionality of the main lobe as the radius of the structure increases.
Patch element based construct
The circular array characteristics using patch elements are now considered. The
differences in the element pattern yields dramatically different final results. Therefore
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the isotropic model used in the first mathematical construct is changed to one that better
represents the patch element pattern.
The patch element pattern used in this construct was presented in the Chapter III
(Fig. 3.6). In figures 4.33 to 4.44 below are the resulting antenna patterns created by
combining the array factors shown earlier with the patch element pattern. The main feed
patterns are presented at radii of 42mm, 50mm, and 58mm.

A1 (Red)
Beam-width = 29°
Beam Power = 77.5%
∠ 22.5° Power = 65.1%
A2 (Blue)
Beam-width = 26°
Beam Power = 68.9%
∠ 22.5° Power = 62.2%
A3 (Green)
Beam-width = 31°
Beam Power = 67.1%
∠ 22.5° Power = 52.9%

Figure 4.33

Radiation patterns for 42mm radius patch sources: feeds A1, A2, A3
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A4 (Red)
Beam-width = 27°
Beam Power = 64.5%
∠ 22.5° Power = 56.7%
A5 (Blue)
Beam-width = 31°
Beam Power = 65.5%
∠ 22.5° Power = 51.9%
A6 (Green)
Beam-width = 35°
Beam Power = 75.8%
∠ 22.5° Power = 54.2%

Figure 4.34

Radiation patterns for 42mm radius patch sources: feeds A4, A5, A6

A7 (Red)
Beam-width = 22°
Beam Power = 40.9%
∠ 22.5° Power = 41.8%
A8 (Blue)
Beam-width = 25°
Beam Power = 65.3%
∠ 22.5° Power = 60.3%
A9 (Green)
Beam-width = 32°
Beam Power = 64.1%
∠ 22.5° Power = 50.5%

Figure 4.35

Radiation patterns for 42mm radius patch sources: feeds A7, A8, A9
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A10 (Red)
Beam-width = 53°
Beam Power = 75.5%
∠ 22.5° Power = 38%
A11 (Blue)
Beam-width = 44°
Beam Power = 71.8%
∠ 22.5° Power =
42.8%
A12 (Green)
Beam-width = 26°
Beam Power = 48.8%
∠ 22.5° Power =
42.8%

Figure 4.36

Radiation patterns for 42mm radius patch sources: feeds A10, A11, A12

The data indicate that configurations A1, A2, and A8 are the best from figures
4.33 to 4.36.
Increasing the radius from 42mm to 50mm produces the following radiation
patterns shown in figures 4.37 to 4.40.
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A1 (Red)
Beam-width = 25°
Beam Power = 76.5%
∠ 22.5° Power = 72.3%
A2 (Blue)
Beam-width = 22°
Beam Power = 61.2%
∠ 22.5° Power = 61.2%
A3 (Green)
Beam-width = 27°
Beam Power = 62.1%
∠ 22.5° Power = 55.3%

Figure 4.37

Radiation patterns for 50mm radius patch sources: feeds A1, A2, A3

A4 (Red)
Beam-width = 23°
Beam Power = 44.1%
∠ 22.5° Power = 43.4%
A5 (Blue)
Beam-width = 26°
Beam Power = 60.7%
∠ 22.5° Power = 54.5%
A6 (Green)
Beam-width = 30°
Beam Power = 73.4%
∠ 22.5° Power = 59.8%

Figure 4.38

Radiation patterns for 50mm radius patch sources: feeds A4, A5, A6
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A7 (Red)
Beam-width = 18°
Beam Power = 37.9%
∠ 22.5° Power = 42.2%
A8 (Blue)
Beam-width = 22°
Beam Power = 63.5%
∠ 22.5° Power = 65.2%
A9 (Green)
Beam-width = 27°
Beam Power = 47.2%
∠ 22.5° Power = 42.1%

Figure 4.39

Radiation patterns for 50mm radius patch sources: feeds A7, A8, A9

A10 (Red)
Beam-width = 46°
Beam Power = 76.1%
∠ 22.5° Power = 43.8%
A11 (Blue)
Beam-width = 37°
Beam Power = 58.9%
∠ 22.5° Power = 40.3%
A12 (Green)
Beam-width = 22°
Beam Power = 39.7%
∠ 22.5° Power = 40.3%

Figure 4.40

Radiation patterns for 50mm radius patch sources: feeds A10, A11, A12

Again, the radius increase narrows the overall beam-width of the configurations.
This time A1, and A8 are the best of figures 4.37 to 4.40.
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Increasing the radius from 50mm to 58mm produces the following radiation
patterns shown in figures 4.41 to 4.44.

A1 (Red)
Beam-width = 21°
Beam Power = 68.3%
∠ 22.5° Power = 70.7%
A2 (Blue)
Beam-width = 19°
Beam Power = 51.9%
∠ 22.5° Power = 56.6%
A3 (Green)
Beam-width = 23°
Beam Power = 57.9%
∠ 22.5° Power = 56.7%

Figure 4.41

Radiation patterns for 58mm radius patch sources: feeds A1, A2, A3

A4 (Red)
Beam-width = 20°
Beam Power = 38.3%
∠ 22.5° Power = 41%
A5 (Blue)
Beam-width = 23°
Beam Power = 57.3%
∠ 22.5° Power = 56.7%
A6 (Green)
Beam-width = 26°
Beam Power = 75.1%
∠ 22.5° Power = 68%

Figure 4.42

Radiation patterns for 58mm radius patch sources: feeds A4, A5, A6
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A7 (Red)
Beam-width = 16°
Beam Power = 27.7%
∠ 22.5° Power = 32.6%
A8 (Blue)
Beam-width = 19°
Beam Power = 45.4%
∠ 22.5° Power = 50.4%
A9 (Green)
Beam-width = 23°
Beam Power = 44.8%
∠ 22.5° Power = 44.1%

Figure 4.43

Radiation patterns for 58mm radius patch sources: feeds A7, A8, A9

A10 (Red)
Beam-width = 40°
Beam Power = 75.1%
∠ 22.5° Power = 48.5%
A11 (Blue)
Beam-width = 32°
Beam Power = 46.2%
∠ 22.5° Power = 35.5%
A12 (Green)
Beam-width = 19°
Beam Power = 31%
∠ 22.5° Power = 35.5%

Figure 4.44

Radiation patterns for 58mm radius patch sources: feeds A10, A11, A12

Further increase of the radius narrows the beam-widths even further. A1, and A6
are the best of figures 4.37 to 4.44.
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The following criteria are made more stringent due to the overall increase in
directionality that the new cardioid type element introduces. Eliminating as unacceptable
all configurations that do not fall between beam angles of 20 and 30 degrees, and whose
power percentages of the greater of either beam power or 22 degree power are below
50% leaves the following 14 configurations:
Table 4.20

Results if the patch element construct comparison

42mm Radius
Drive Beam Power
A1
29°
77.5%
A2
26°
69%
A4
27°
65%
A8
25°
65%

50mm Radius
Drive Beam Power
A1
25°
76.5%
A2
22°
61.2%
A3
27°
62.1%
A5
26°
60.7%
A6
30°
73.4%
A8
22°
65.2%

58mm Radius
Drive Beam Power
A1
21°
70.7%
A3
23° 56.6%
A5
23° 57.3%
A6
26°
75.1%

The best configuration is bolded (Fig. 4.37). It combines the closest beam angle
to the desired with side-lobes that do not exceed -15dB.

Patch array simulation
Following are the simulation results for patch elements placed as previously
depicted (feeds A1 through A12 Figs. 4.37 to 444).
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Figure 4.45

Azimuth radiation patterns for the 42mm radius patch array simulation:
feeds A1, A2, A3

Table 4.21

Power and angle data for the 42mm radius patch array simulation: feeds
A1, A2, A3

A1 (Red)
Beam-width = 31°
Beam Power = 56.8%
∠ 22.5° Power = 43.5%

A2 (Blue)
Beam-width = 29°
Beam Power = 51%
∠ 22.5° Power = 41.2%
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A3 (Green)
Beam-width = 33°
Beam Power = 41.6%
∠ 22.5° Power = 30.5%

Figure 4.46

Azimuth radiation patterns for the 42mm radius patch array simulation:
feeds A4, A5, A6

Table 4.22

Power and angle data for the 42mm radius patch array simulation: feeds
A4, A5, A6

A4 (Red)
Beam-width = 30°
Beam Power = 35.7%
∠ 22.5° Power = 28.2%

A5 (Blue)
Beam-width = 36°
Beam Power = 50.2%
∠ 22.5° Power = 34.1%
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A6 (Green)
Beam-width = 40°
Beam Power = 57.3%
∠ 22.5° Power = 35.7%

Figure 4.47

Azimuth radiation patterns for the 42mm radius patch array simulation:
feeds A7, A8, A9

Table 4.23

Power and angle data for the 42mm radius patch array simulation: feeds
A7, A8, A9

A7 (Red)
Beam-width = 24°
Beam Power = 30.9%
∠ 22.5° Power = 28.3%

A8 (Blue)
Beam-width = 28°
Beam Power = 46.6%
∠ 22.5° Power = 38.6%
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A9 (Green)
Beam-width = 35°
Beam Power = 40.7%
∠ 22.5° Power = 28.4%

Figure 4.48

Azimuth radiation patterns for the 42mm radius patch array simulation:
feeds A10, A11, A12

Table 4.24

Power and angle data for the 42mm radius patch array simulation: feeds
A10, A11, A12

A10 (Red)
Beam-width = 65°
Beam Power = 61.5%
∠ 22.5° Power = 24.9%

A11 (Blue)
Beam-width = 54°
Beam Power = 55%
∠ 22.5° Power = 26.3%
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A12 (Green)
Beam-width = 27°
Beam Power = 23.4%
∠ 22.5° Power = 19.9%

Figure 4.49

Azimuth radiation patterns for the 50mm radius patch array simulation:
feeds A1, A2, A3

Table 4.25

Power and angle data for the 50mm radius patch array simulation: feeds
A1, A2, A3

A1 (Red)
Beam-width = 24°
Beam Power = 55.1%
∠ 22.5° Power = 51%

A2 (Blue)
Beam-width = 22°
Beam Power = 45.7%
∠ 22.5° Power = 44.9%
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A3 (Green)
Beam-width = 25°
Beam Power = 38.6%
∠ 22.5° Power = 35%

Figure 4.50

Azimuth radiation patterns for the 50mm radius patch array simulation:
feeds A4, A5, A6

Table 4.26

Power and angle data for the 50mm radius patch array simulation: feeds
A4, A5, A6

A4 (Red)
Beam-width = 22°
Beam Power = 28.1%
∠ 22.5° Power = 27.8%

A5 (Blue)
Beam-width = 27°
Beam Power = 45.6%
∠ 22.5° Power = 39.1%
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A6 (Green)
Beam-width = 31°
Beam Power = 55.5%
∠ 22.5° Power = 42.7%

Figure 4.51

Azimuth radiation patterns for the 50mm radius patch array simulation:
feeds A7, A8, A9

Table 4.27

Power and angle data for the 50mm radius patch array simulation: feeds
A7, A8, A9

A7 (Red)
Beam-width = 19°
Beam Power = 28.5%
∠ 22.5° Power = 30.1%

A8 (Blue)
Beam-width = 22°
Beam Power = 44%
∠ 22.5° Power = 42.5%
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A9 (Green)
Beam-width = 28°
Beam Power = 34.7%
∠ 22.5° Power = 28.3%

Figure 4.52

Azimuth radiation patterns for the 50mm radius patch array simulation:
feeds A10, A11, A12

Table 4.28

Power and angle data for the 50mm radius patch array simulation: feeds
A10, A11, A12

A10 (Red)
Beam-width = 43°
Beam Power = 52.4%
∠ 22.5° Power = 30.7%

A11 (Blue)
Beam-width = 35°
Beam Power = 40.2%
∠ 22.5° Power = 28.4%
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A12 (Green)
Beam-width = 21°
Beam Power = 22.5%
∠ 22.5° Power = 22.3%

Figure 4.53

Azimuth radiation patterns for the 58mm radius patch array simulation:
feeds A1, A2, A3

Table 4.29

Power and angle data for the 58mm radius patch array simulation: feeds
A1, A2, A3

A1 (Red)
Beam-width = 22°
Beam Power = 52.6%
∠ 22.5° Power = 51.1%

A2 (Blue)
Beam-width = 20°
Beam Power = 43.2%
∠ 22.5° Power = 44%

93

A3 (Green)
Beam-width = 23°
Beam Power = 35%
∠ 22.5° Power = 33.2%

Figure 4.54

Azimuth radiation patterns for the 58mm radius patch array simulation:
feeds A4, A5, A6

Table 4.30

Power and angle data for the 58mm radius patch array simulation: feeds
A4, A5, A6

A4 (Red)
Beam-width = 20°
Beam Power = 25%
∠ 22.5° Power = 25.5%

A5 (Blue)
Beam-width = 23°
Beam Power = 39.3%
∠ 22.5° Power = 37.2%
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A6 (Green)
Beam-width = 27°
Beam Power = 52.9%
∠ 22.5° Power = 45%

Figure 4.55

Azimuth radiation patterns for the 58mm radius patch array simulation:
feeds A7, A8, A9

Table 4.31

Power and angle data for the 58mm radius patch array simulation: feeds
A7, A8, A9

A7 (Red)
Beam-width = 17°
Beam Power = 24%
∠ 22.5° Power = 26.3%

A8 (Blue)
Beam-width = 19°
Beam Power = 33.5%
∠ 22.5° Power = 35%
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A9 (Green)
Beam-width = 24°
Beam Power = 29.2%
∠ 22.5° Power = 26.9%

Figure 4.56

Azimuth radiation patterns for the 58mm radius patch array simulation:
feeds A10, A11, A12

Table 4.32

Power and angle data for the 58mm radius patch array simulation: feeds
A10, A11, A12

A10 (Red)
Beam-width = 43°
Beam Power = 54.9%
∠ 22.5° Power = 32%

A11 (Blue)
Beam-width = 34°
Beam Power = 33.7%
∠ 22.5° Power = 23.9%
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A12 (Green)
Beam-width = 20°
Beam Power = 16.5%
∠ 22.5° Power = 16.6%

Applying the same sort criteria as on the initial sets (Beam angle 20°-30°, Power
over 40%), the resulting configurations are listed below
Table 4.33

Results of the patch based simulation comparison

42mm Radius
Drive Beam Power
A2
29°
51%
A8
28°
46.6%

Drive
A1
A2
A5
A8

50mm Radius
Beam Power
24°
55.1%
22°
45.7%
27°
45.6%
22°
44%

Drive
A1
A2
A6

58 mm Radius
Beam Power
22°
52.6%
20°
44%
27°
52.9%

The best configurations are bolded (Figs. 4.49, 53).
The most notable differences between the construct and the simulation are the
increase in side-lobe levels in the simulation results and the appearance of back lobes that
occur about every 22 degrees. The angles of the side-lobes are occasionally skewed
towards the 22 degree lobe pattern that has appeared, and the level of the side-lobes is
again dramatically larger in the simulation results. The 22 degree side-lobe pattern is
only slightly detectable in the dipole based simulation and was often swamped by the
array factor-based lobing structures. The patch element introduced dramatic
directionality to the parasitic elements. As such, the radiation from these parasitic
elements became much more pronounced, while the lobing effects of the array factor in
the back-lobe direction became much less of a factor (as noted in the construct patterns).
As with the construct, the simulation also shows an increase in directionality of
the main lobe as the radius of the structure increases.
The final comparison of these configurations is presented in Chapter V.
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CHAPTER V
CONCLUSIONS
The desired configuration of this system is that the array needs to be less than
4.7in in diameter (60mm radius), and the beam angle needs to be close to the optimal
22.5 degrees. While no side-lobe level was originally considered, it can be assumed that
less is better and this factor can be used as a discriminating term. For cost reasons, the
construction method was limited to flexible circuit board based patch antenna.
Using these criteria, many different configurations are possible: varying antenna
diameter, and feed topology. Of the final selection of configurations, two stand out as the
best. The A1 feed at 50mm radius (Fig. 4.49), and the A1 feed at 58mm radius (Fig.
4.53). The A1 feed consists of all seven forward elements being driven and phased for
maximum directional radiation.
However, one more consideration presents itself when considering the building of
this array; the number of driven elements has a dramatic effect on the complexity, cost,
and power draw of the feed circuitry. While seven elements may produce the best pattern
results, it produces a non-symmetric feed topology in the circuitry. Whereas four
elements provides a less complex and more easily designed feed network.
Below is a direct comparison of the best configurations for both seven and four
driven elements.
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Figures 5.1 and 5.2 are a direct comparison of the two best configurations for the
patch simulations. (seven driven elements)

Figure 5.1

Normalized azimuth radiation patterns for the A1 feeds of the 50mm and
58mm patch simulations

These patterns are very close. The 58mm pattern (Blue) has the advantages of the
desired beam-width (22° vs. 24°) and a lower peak side-lobe level (-11dB vs. -10dB). It's
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disadvantage is that there is slightly more power in the side-lobes than the 50mm (Red)
pattern (47% of Power in side-lobes vs. 45%), and there are more lobes, increasing the
number of directions that could produce erroneous signals. Below are the nonnormalized patterns (Fig. 5.2).

Figure 5.2

Azimuth gain patterns for the A1 feeds of the 50mm and 58mm patch
simulations
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Adding 15dB to the top of the scale and plotting the maximum radiation shows
that the peak radiation difference is only about 0.4dB in favor of the 58mm configuration
(12.5dB vs. 12.1dB). Given the similarity in pattern, the reduction of system volume the
smaller diameter array provides swings the choice in favor of the 50mm configuration.
Figures 5.3 and 5.4 are a direct comparison of the two best four element
configurations for the Patch simulations. (four driven elements)

Figure 5.3

Normalized azimuth radiation patterns for the A5 feeds of the 50mm and
58mm patch simulations
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These patterns are also very close. Again, the 58mm pattern (Fig. 5.3, blue line)
has the advantages of the being closer to the desired beam-width (23° vs. 27°) but this
time has a higher peak side-lobe level (-5dB vs. -6dB). Again, it has the disadvantage of
slightly more power in the side-lobes than the 50mm (Fig. 5.3, red line) pattern (60.7% of
Power in side-lobes vs. 54.4%). Below are the non-normalized patterns (Fig. 5.4).

Figure 5.4

Azimuth gain patterns for the A5 feeds of the 50mm and 58mm patch
simulations
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Adding 15dB to the top of the scale and plotting the maximum radiation shows
that the peak radiation difference is only about 0.2dB in favor of the 58mm configuration
(10.6dB vs. 10.4dB). The small radius of the system and the lower peak and overall sidelobe level/power overcomes the larger beam-width disadvantage of the 50mm
configuration giving it the advantage.
Figure 5.5 is a direct comparison of the two element configurations for the 50 mm
patch simulations. (four vs. seven driven elements)
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Figure 5.5

Azimuth gain patterns for the A1 and A5 feeds of the 50mm patch
simulations

The A5 configuration (four driven elements) has a slight gain to power advantage
as the A1 configuration should have a 2.4dB gain advantage due to its three extra driven
elements. Instead, the difference is only 1.7dB giving the A5 configuration an efficiency
advantage. However, the disadvantages of the A5 configuration are a larger beam-width
(27° vs. 24°), a higher peak side-lobe level (4dB vs. 2dB), and more overall power in the
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side-lobes (54.4% vs. 44.9%). If the power output is normalized, the peak side-lobe level
difference becomes even larger at about 6dB vs. 2dB.
A more detailed power budget and cost/complexity analysis would need to be run
to determine which of these two configurations would be best for a given design. It
appears to be clear though that around 50mm is the optimal radius for this antenna array.
Future work
If more directionality is needed beyond what is provided here, there are other
options that might be considered.
As shown in figure 2.3, adding a parasitic patch in front of the driven patch can
increase the element directionality somewhat. A second set of patches could be cut on a
single sided flexible circuit board and mounted to the driven array. With proper
dielectric thickness this should increase the directionality of the array. Whether the
increase would be worth the extra cost and complexity would need to be evaluated.
The initial concept called for separate transmit and receive arrays (one on top of
the other) to avoid the extra power draw and cost of an additional TR switch
(Transmit/Receive). However, if both antenna arrays were driven in parallel, the
elevation beam-width could be considerably reduced granting a higher gain in the desired
direction. In addition, the current patch design has a characteristic impedance at 5.8GHZ
of around 100 Ohms. With the addition of a small transmission line transformer segment,
the combination of the two elements in parallel would match the drive impedance of 50
Ohms without redesigning the patch element. Whether the addition of the TR switch is
offset by the added antenna gain would need to be determined.
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APPENDIX A
MONOPOLE ARRAY AND ANGLED MONOPOLE ARRAY ANALYSIS
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The first prototype constructed was an array of sixteen monopole elements over a
conducting ground plane (Fig. A.1). Testing was limited so a simulation was requested
for correlation purposes and to see the effects of angling the monopole elements outward
to try and lower the elevation angle of the main lobe (Figs. A.2, 3).

Figure A.1

Picture of the monopole array and monopole feed base (SMA mount)
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Figure A.2

Drawing of the monopole array

Figure A.3

Model of the monopole array

(left) Straight monopole array. (right) Angled monopole array.
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The same four elements from previous tests (elements 1,3,13,15) are driven for
both straight and angled monopole arrays (Fig. A.3) in both a uniformly phased manner
and an optimally phased manner. The results are shown below (Figs. A.4 to A.7).

Figure A.4

3D pattern of the uniformly phased monopole array

(left) Straight array. (right) Angled array.

Figure A.5

3D pattern of the optimally phased monopole array

(left) Straight array. (right) Angled array.
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Figure A.6

Elevation pattern of the straight monopole array (optimally phased)

Figure A.7

Elevation pattern of the angled monopole array (optimally phased)
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It can be seen from the elevation plots (Figs. A.6 and A.7) that the angling of the
monopole elements does not achieve the desired lowering of the elevation of the main
beam. This experiment provided extra evidence that a uniformly phased array would not
provide a narrow enough beam width. It also showed that angling the radiating elements
toward the ground did nothing to offset the elevation effects of a non-perfect non-infinite
ground plane beneath the antenna structure.
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APPENDIX B
MIRRORED ELEMENT ARRAY MATHEMATICAL CONSTRUCT
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This appendix gives the mathematical construct for the dipole array with a close
proximity reflection plane. There were several failed attempts to find an exact expression
using image theory as well as optical reflection equations. The optical equations turned
out to be unsolvable and further research showed that industry methods use only
numerical solutions for this very reason. In the end, and image theory approximation was
found that was acceptable in the absence of exact expressions. The following shows the
development of this approximation as modeled after the point charge / spherical boundary
image theory derivation from pages 54-57 of [7].

Figure B.1

Spherical boundary problem definition

The terms in figure B.1 are defined as follows:
•

x: The position vector pointing to arbitrary observation point 'P'

•

y: The position vector pointing to charge q

•

a: The radius of the conducting sphere serving as the boundary condition

•

y': The position vector pointing to the image charge q'
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•

q: The emitting charge in the solution volume

•

q': The image charge inside the boundary sphere

•

P: The arbitrary observation point
For the purposes of obtaining the antenna construct, the point charges q and q' are

replaced with E-fields that have both magnitude and time varying phase based on their
wave number 'k'. In a two dimensional system, the sphere may also be replaced with a
cylinder.
The E-field total in the solution space is a superposition of the E-fields of both the
emitting antenna and the image antenna. Since the image must have the same frequency
as the emitting antenna, the system may be evaluated at any time 't' without effect.
Therefore, 't' is set to 0 for simplicity.

(B.1)

Define n as a unit vector in the direction of x and n' as a unit vector in the
direction of y.

(B.2)
The boundary condition where the E-field must go to 0 occurs at x=a.

(B.3)

Factoring an a out of the denominator of the first fraction, and a y' out of the
second produces (B.4).
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(B.4)

For (B.4) to equal 0, the vector portions of (B.4) must be the same. This defines
the relationship in (B.5).

(B.5)
Substituting (B.5) back into (B.4) and canceling like terms produces:

(B.6)

q' may now be solved for.

(B.7)

An assumption must now be made. To produce a meaningful relationship for
further calculation, the cosine terms are assumed to be close enough in value to cancel
out, providing the following relationship between q' and q.
(B.8)
This assumption should produce reasonable results as long as the distance
between y and y' remains much smaller than a wavelength.
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Using the same variable definitions from pages 14-18 and placing the reflection
cylinder's radius to 1.524mm (approximate circuit board thickness) less than the antenna
array radius produces the following calculated E-field on the reflection surface. This is
our system error based on the approximation in (B.8).

(B.9)

(B.10)

Eq. (B-10) is the combined E-field on the cylinder in phasor form.

(B.11)

Eq. (B-11) is the combined E-field on the cylinder in time domain with t=0. The
plot of E(x) vs the position on the cylinder as referenced by the location's x coordinate is
shown in figure B.2.
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Figure B.2

The E-field error on the reflection boundary

The overall error is relatively small compared to the driving function, and so the
error of the overall system should be sufficiently low.
Added to the original array factor equations AF0 (eq. 3.12) that defines the driven
elements, is added a new array equation AFi that describes the mirror elements.

(B.12)

The calculated radiation patterns that result from this combined array factor
follow in figures B.3 through B.6.
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A1 (Red)
Beam-width = 28°
Beam Power = 39.4%
∠ 22.5° Power = 33.5%
A2 (Blue)
Beam-width = 27°
Beam Power = 30.7%
∠ 22.5° Power = 27%
A3 (Green)
Beam-width = 29°
Beam Power = 32.9%
∠ 22.5° Power = 27.6%

Figure B.3

Radiation patterns for 33mm radius isotropic sources with mirror
elements: feeds A1, A2, A3

A4 (Red)
Beam-width = 27°
Beam Power = 25.7%
∠ 22.5° Power = 22.6%
A5 (Blue)
Beam-width = 32°
Beam Power = 21.5%
∠ 22.5° Power = 16.8%
A6 (Green)
Beam-width = 34°
Beam Power = 36.2%
∠ 22.5° Power = 26.5%

Figure B.4

Radiation patterns for 33mm radius isotropic sources with mirror
elements: feeds A4, A5, A6
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A7 (Red)
Beam-width = 25°
Beam Power = 22.4%
∠ 22.5° Power = 21%
A8 (Blue)
Beam-width = 26°
Beam Power = 30.7%
∠ 22.5° Power = 27.5%
A9 (Green)
Beam-width = 31°
Beam Power = 23.4%
∠ 22.5° Power = 18.5%

Figure B.5

Radiation patterns for 33mm radius isotropic sources with mirror
elements: feeds A7, A8, A9

A10 (Red)
Beam-width = 49°
Beam Power = 62.9%
∠ 22.5° Power = 34.1%
A11 (Blue)
Beam-width = 43°
Beam Power = 32.6%
∠ 22.5° Power = 19.9%
A12 (Green)
Beam-width = 26°
Beam Power = 18.7%
∠ 22.5° Power = 16.9%

Figure B.6

Radiation patterns for 33mm radius isotropic sources with mirror
elements: feeds A10, A11, A12
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While in a few instances the mirrored array shows improved directionality over its
non-mirrored counterpart, the mirrored array shows prohibitively large sidelobes in all
patterns.

121

